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Abstract: Recently model predictive control (MPC) scheme emerges as an eﬀicient current control technique for
dynamic performance of motor drives. For excellent dynamic performance, maximum torque per ampere (MTPA) control
technique is utilized to achieve maximum torque while using minimum current constrain in contrast to conventional qaxis current control. Model predictive current control (MPCC) scheme alongside MTPA control is employed to replace
the traditional constant gain proportional-integral (PI) current control and a nonlinear hysteresis current (HC) control
schemes. The PI and hysteresis current controller offers satisfactory performance at ideal conditions but, with variable
speed and load conditions, these control schemes cause high current harmonics, high torque ripples, and reduces the speed
tracking performance. Therefore, MPCC is proposed to increase the performance of motor drive and reduces the current
harmonics and torque ripple at varying load conditions. The proposed design is modeled in Matlab (MathWorks, Inc.,
Natick, MA, USA), and the results are compared with the traditional speed control schemes to verify the effectiveness.
The simulation result shows that the MPCC for IPMSM offers high dynamic performance with reduced steady-state
error under variable load conditions compared to conventional control scheme. With MPCC, the overall performance of
IPMSM is improved and show robustness.
Key words: Interior permanent magnet synchronous motors, maximum torque per ampere, nonlinear control, speed
control, torque response, stability analysis

1. Introduction
Recently, interior permanent magnet synchronous motor (IPMSM) drive has gained more attraction toward
industrial applications. Because of various advantages, IPMSM motor drives have been used universally. High
eﬀiciency, less weight, small in size, low repairing cost, high power factor and torque to inertia ratio etc. make
IPMSM the best choice for high-speed industrial applications [1, 2]. Some of the industrial drives such as servo
motor need constant power operation. So, due to salient pole structure, IPMSM drive can be used in constant
power application utilizing field weakening technique [3]. The direct control of motor field flux is not possible in
IPMSM due to its structure, while the field can be weakened by demagnetizing the effect of d-axis motor current
[4]. So, utilizing the benefit of field weakening approach, maximum torque is generated utilizing the minimum
phase current [5] in contrast to q-axis current control. For IPMSM drive, due to saliency, maximum torque per
ampere (MTPA) control technique is mostly employed because of its simple structure and gives eﬀicient result.
With the improvement in power electronic technology, the rotor shaft speed control of IPMSM drive
becomes simple and more eﬀicient. Inverter with semiconductor switches (IGBT, MOSFET, etc) generates a
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varying frequency from the direct voltage source which is then employed to IPMSM drive [6]. Several speed
control techniques for PMSM drive were presented in researches based on linear and nonlinear current control
schemes [7–11]. Lookup table is primarily used but they are very much dependent on motor parameters, and,
due to parameter uncertainty, it cause the deviation from that eﬀicient result. An online estimation model was
proposed in [12]. But, as this approach doesn’t depend on drive parameters and show the good performance
against the parameter uncertainty, the algorithm might give erroneous result if the tracking speed of estimation
design is slow . A signal injection method that injects the uncertainty to voltage or current was proposed in
[13]. However, it results in additional losses and cause harmonic distortion, which affects the comprehensive
performance of motor drive.
In variable frequency drives, the closed-loop control of motor requires fast and eﬀicient information of the
rotor shaft speed and position. The precision with which motor drives follows the reference speed command is
significant performance parameter [14], the traditional control technique utilized the PI controller to regulate
the shaft speed and motor phase current. As for eﬀicient performance, the proportional-integral (PI) gain value
needs to be accurate, and gain values are selected in such a way that the closed-loop bandwidth is larger than
the speed bandwidth [15]. To increase the dynamic performance of the motor drive, several predictive control
techniques are studied in literature [16, 17]. Conventional predictive control such as HC control maintains the
control variables within the hysteresis band, and, for eﬀicient drive response, the hysteresis band need to be
small, which will cause high switching losses and affect the inverter [18]. Thus, HC control is restricted to low
power applications. The model predictive control (MPC) technique is proposed as it can handle nonlinearities of
multiple output and input of plant and execute them in a unified manner. MPC consists of three main parts: a
model of the system, a predictive algorithm, and a cost function. MPC helps to eliminate the modulation block
from control design and is well suited for online optimization [19, 20]. The two main groups of MPC are finite
control set MPC (FCS-MPC) and continuous control set MPC (CCS-MPC). CCS-MPC employs the average
model of the system; it has complex optimization process and work with large sample time that will affect the
performance when the system delay is taken into account. By contrast, FCS-MPC employs the internal model
of the system and work with small sampling time, and this makes it versatile for high performance applications.
FCS-MPC is categorized in two groups: optimal switching vector MPC that computes the predictive values
for voltage source inverter (VSI) through searching algorithm, and only one VV is utilized in whole switching
period where as optimal switching sequence MPC overcomes this drawback and generates limited number of
possible inverter switching state for the entire period [21, 22]. In general, MPC is time consuming and cost
computational power of microprocessor. Therefore, in designing MPC, the important factors are reduction of
computational cost, predictive horizon extension, and selection of cost function [23, 24].
The objective of this paper is to present the steady-state and robust dynamic performance of IPMSM drive
under the variable load conditions. Salient pole structure and the capability of utilizing maximum torque using
minimum current values make IPMSM an excellent candidate for high speed applications. MPCC considering
MTPA is proposed for IPMSM to determine optimal voltage vectors regardless of optimal switching sequence,
which helps to minimize torque ripple and harmonic distortion that tends to increase the overall eﬀiciency of
the motor drive. The current controller is designed based on finite control set MPC technique with reduced
computational load. FSC-MPCC employs the discrete-time internal model of the motor drive to predict the
future state over a discrete sample time. Phase voltages are obtained based on inverter switching states. The
optimal voltage vector across the motor drive is selected based on the control objective defined by a cost function.
In contrast to conventional closed-loop speed control, the intended design is simple, intuitive, easy to implement,
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shows robustness, handles the nonlinearities of motor drive, and reduces the steady-state errors. The results
of proposed method are compared with traditional methods, and overall performance of motor drive is notably
improved with designed MPCC.
This paper is organized as follows: mathematical modeling and MTPA control technique for IPMSM
drive is described in Section 2. The proposed speed control model is developed in Section 3. Simulation results
and comparison with traditional control scheme are shown in Section 4 to verify the eﬀiciency and robustness.
Finally, the conclusion is given in Section 5.

2. Mathematical model of IPMSM
VSI connected to IPMSM controlled by a predictive technique is depicted in Figure 1. Dc voltage source is the
input to voltage source inverter (VSI) and insulated-gate bipolar transistor (IGBT) switches, which provides
the voltage across the motor phase winding based on switching signal provided by the model predictive control
(MPC). The MTPA control approach is constructed to operate with the dynamic model of IPMSM in the rotor
dq reference frame. Eddy current, hysteresis losses, and saturation effect are not considered in this well-known
model. In the three-phase coordinate system, the voltage equation of IPMSM is derived as in [25]:
idc
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Vdc
2

Sb

Sc

a
n

b
c

Vdc
2

Sa'

Sb'

ia
ib
ic
IPMSM
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Figure 1. Power circuit topology of 2-level VSI-fed IPMSM drive system.
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(1)

where vabc , iabc , rs , and λabc shows the drive phase voltage, drive phase current, stator winding
resistance, and flux linkage in stator windings, respectively. The dq transformation is employed to transform
(1) into exciting frame. The dq model of IPMSM is derived as:


vde
vqe




=

rs + Ld p
ωr Ld

−ωr Lq
rs + Lq p



ied
ieq




+

0
ωr λm


.

(2)

where ωr and λm are the rotor speed and flux linkage due to rotor side permanent magnet. Ld and Lq
are the d-axis and q-axis inductance. Equation (1)-(2) represent the mathematical model of IPMSM. Due to
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USAMA and KIM/Turk J Elec Eng & Comp Sci

the salient pole structure of IPMSM drive, electromagnetic torque equation is derived as:
Te =

3P
[λm ieq + (Ld − Lq )ied ieq ].
2

(3)

where P and Te are pole pairs and electromagnetic torque, respectively. The generated torque in (3)
depends on reluctance torque and magnetic torque. Magnetic torque, λm ieq , describes the torque component
owing to rotor permanent magnet flux, and the reluctance torque, (Ld −Lq )ied ieq , describes the torque component
owing to the product of dq-axis inductance difference and current. The mechanical model of IPMSM is given
as:
Te = TL + Bωm + Jpωm ,

(4)

where B is the damping coeﬀicient, J is the rotor inertia, ωm and TL are the mechanical shaft speed and
load torque, respectively.
In IPMSM drives, due to salient pole structure, MTPA control can’t be attained by simply utilizing q-axis
current controller because, if id = 0 , then the magnitude of the terminal voltage increase as the speed increases,
and the saturation of current regulator occurs at high speed for given torque, which may cause the instability
of drive. When we use id = 0 , the control of interior PMSM is simplified, making electromagnetic torque linear
to q-axis current, which means reluctance torque of the motor is not used. This causes error during the control
of IPMSM because the maximum capacity of the motor drives to generate the torque is not utilized under
different operating conditions [26]. If the magnitude of the phase current is fixed, then the dq-axis current will
be the point on a circle as depicted in Figure 2a. The MTPA curve is shown as the phase current magnitude
increases from 0 to the maximum value. The torque curve intersects the current circle tangentially. So, by polar
description, the dq-axis current can be obtained as [1]:
ied = −Is sin β.

(5)

ieq = Is cos β.

(6)

where the current angle β is given as:
β = − tan−1

Te =

ied
.
ieq

3P
[λm Is cos β − (Lq − Ld )2Is2 cos β sin β].
2

(7)

(8)

So, by putting (5–6) in (3), we will get the torque in terms of current angle. Based on (8), the angle versus
torque response is depicted in Figure 2b as the sum of magnetic and reluctance torque. Peak torque is obtained
when the q-axis inductance is greater then d-axis and a current angle greater than 0.
To establish MTPA control technique, q-axis current is utilized to obtain d-axis current by differentiating
(8) with respect to current angle (β) and setting it to zero [27]. With the help of reluctance torque in IPMSM
drives, the performance of IPMSM increases in wide speed range and increase the eﬀiciency of control.
dTe
3P
(Lq − Ld ) 2
=
[−λm Is sin β +
Is cos 2β] = 0.
dβ
2
2

(9)
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Figure 2. MTPA trajectory and electromagnetic torque characteristic of IPMSM.

β = sin−1 [

−λm +

q
2
λ2m + 8[Lq − Ld ] Is2
4[Lq − Ld ]Is

where

q
Is =

].

(10)

i2d + i2q ,

by substituting (10) in (5) we will get d-axis reference current as

i∗d =

λm −

q
2
λ2m + 8[Lq − Ld ] Is2
4[Lq − Ld ]

.

(11)

For simplification, the dq-axis currents are expanded using Taylor series expansion [28]. The effect of higherorder is minimum in the Taylor series expansion, so the d-axis reference current equation is derived as:
i∗d =
and

where

[Ld − Lq ] ∗2
iq ,
λm

q
iq = sgn(Is ) Is2 − i∗2
d ,

(12)

(13)

(
Is ≥ 0,
1.
sgn(Is ) = if
otherwise, −1.

The MTPA control approach utilized the minimum current to provide the maximum torque, which helps to
reduce the copper loss and increase the overall eﬀiciency of the control system. Moreover, the MTPA control
approach is simple to design and easy to implement and show excellent dynamic performance at wide speed
under variable load conditions.
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3. Closed loop speed control
3.1. Conventional closed loop speed control
In the conventional vector controls scheme, the PI and HC controllers are widely employed to generate the pulse
order for switching the VSI. In PI current control scheme, PWM method is utilized to shape the output voltage
across inverter. Among different modulation techniques, the space vector pulse width modulation (SVPWM)
technique is widely used because it provides 15 % raise in dc-voltage utilization. On the other hand, in HC
control method, the actual and the reference current are compared in hysteresis comparator, and the modulation
block is eliminated and the switching pulse order is guaranteed based on each hysteresis comparator such that
phase current are compelled to remain within hysteresis band. The traditional PI linear control scheme is
operating on a fixed frequency, but is highly sensitive to parameter variation and load disturbance; whereas,
nonlinear HC control operates on variable frequency and is highly dependent on hysteresis band. For an excellent
dynamic performance, the constant PI gain values need to be exact and are attained in such a way that the
closed-loop bandwidth is larger than the speed bandwidth, while, for nonlinear HC control, the high dynamic
performance of motor drive can be attained by utilizing small hysteresis band that will affect inverter and cause
high switching losses. So, to overcome these issue, the model predictive current control technique is proposed.
idk * , iqk * (Input)

Given value

VSI
Measure i(k)

idk , iqk

k +1
d

i
equation (20) & (21)

k +1
q

,i

Squared
Cost Function

Speed Calculation

equation (22)

vdk , vqk

equation (16) & (17)

Predict current at Kth
inverter state (20)&(21)

Switching State

e

− jθ

ic

K=K+1

Wait for next
Sampling period

Square Cost function
equ(22)

ia
no

Control Board

K=7
yes
Yes

IPMSM

Apply Optimal
Voltage Vector

(a) Control block diagram

(b) Flow diagram

Figure 3. System architecture of the proposed MPCC.

3.2. Proposed closed loop speed control
In this section, the proposed speed control model is discussed in detail. First, the discrete-time model of the
IPMSM is specified. Then, the FCS-MPCC is considered, which generates the pulse order for the VSI to control
the reference model of the design.
MPC approach utilizes the discrete-time model of the system to predict the future value of load phase
current for each possible VV. An internal discrete-time model of the IPMSM drive was employed to predict
the future state of the output state variable that is used to control the state input over the sample time Ts .
Utilizing the forward Euler approximation is computationally cheap and will not rise the computational burden
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of MPC [29–32]. Thus, the discrete-time model of the IPMSM drive is obtained:
[ik+1 − ik ]
di
≈
.
dt
Ts

(14)

VSI model is checked by the control design to attain the optimal output voltage vector(VV). Table 1
shows the state of VSI switches [33]. The VSI is modelled as:
2π
4π
2
(Sa + ej 3 Sb + ej 3 Sc ).
3

S=

(15)

Table 1. Inverter switching configurations and voltage vectors.

Inverter on legs
S
Sa‘ Sb‘ Sc‘
Sa‘ Sb‘ Sc
Sa‘ Sb Sc‘
Sa‘ Sb Sc
Sa Sb‘ Sc‘
Sa Sb‘ Sc
Sa Sb Sc‘
Sa Sb Sc

Voltage vector
n
v0 =0
4π
v1 = 32 Vdc ej 3
2π
v2 = 32 Vdc ej 3
v3 = 32 Vdc ejπ
v4 = 32 Vdc
5π
v5 = 32 Vdc ej 3
π
v6 = 32 Vdc ej 3
v7 =0

Switching
Sa Sb
0
0
0
0
0
1
0
1
1
0
1
0
1
1
1
1

states
Sc
0
1
0
1
0
1
0
1

The drive phase voltages determined by the switching states of VSI are given as follows [34]:




vas
2
 vbs  = Vdc  −1
3
vcs
−1



Sa
−1 −1
2 −1   Sb  ,
−1
2
Sc

(16)

With the possible combinations of switching patterns, the phase voltages are attained. Thus, by utilizing the
Park’s transformation, dq-voltage is formed and given as:




cosθ
vde
 vqe  = 2  −sinθ
3
√1
v0e
2



cos(θ − 2π
cos(θ + 2π
vas
3 )
3 )
2π  
−sin(θ − 2π
vbs  .
3 ) −sin(θ + 3 )
1
1
√
√
v
cs
2
2

(17)

By Euler forward approximation, (2) can be shown in the discrete-time model as
Ld k+1
(i
− ikd ) − ωrk Lq ikq ,
Ts d

(18)

Lq k+1
(i
− ikq ) + ωrk Ld ikd + ωrk λm .
Ts q

(19)

vdk = rs ikd +

vqk = rs ikq +

Therefore, the discrete-time current model of the drive is derived by utilizing (18) and (19), and expressed as:
ik+1
= [(1 −
d
2000
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(ω Lq ikq + vdk )],
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ik+1
= [(1 −
q

Ts rs k Ts k
)i +
(v − ωrk Ld ikd − ωrk λm )],
Lq q Lq q

(21)

where ikdq are the measured output state variables at K th sampling instant; ik+1
are the predictive output
dq
k
state variables at the k + 1 sampling time period; and vdq
are the control input state variables that must

be selected based on the inverter switching state. The motor speed is considered constant at several control
instances as the electromechanical time constant of the motor drive is lower than the mechanical time constant,
k
which shows ωrk+1 ≈ ωrk [35]. As ωrk is the function of input control variable vdq
, the system is a nonlinear

system. The possibility of rotor shaft speed ωrk for a given reference, state variables i∗k
dq will be determined
k
based on input control variables vdq
with availability of optimal output voltage vector.

The design of FCS-MPCC for the IPMSM drive is shown in Figure 3a. To obtain optimal VV, the
selection of cost function is essential. In the current control mechanism, the inverter keeps the most important
consideration of keep tracking the reference currents to measure current accurately. The flow diagram for the
proposed design is demonstrated in Figure 3b. As ikdq are directly controlled in FCS-MPCC, the square cost
function is selected as
k+1 2
k+1 2
h = (i∗k
) + (i∗k
) .
d − id
q − iq

(22)

Figure 4. Time obtained by different task [31].

The square cost function in the proposed MPCC guarantees the least number of switches change in
the steady-state; whereas, the control error is subjected to reduce the transient period to verify the stability
of the system. With the help of MTPA technique, i∗k
dq reference current values are obtained. The switching
states in Table 1 were applied across the inverter, which caused the applied motor phase current to attain the
current reference value in the next sample time period after the cost function is minimized. As a result, the
predictive currents were utilized across the drive and operated according to the current reference value. The
control method of the given MPCC has two main parts. First, it determines the optimal output VV that yields
the lowest cost index. Second, it defines the duration of output VV in the next control period to minimize
the cost index. In given VSI, there are eight switching patterns with VVs V0 , V1 , ..., V7 , as given in Table 1.
For the selection of optimal VVs, the motor phase voltage is calculated based on (16) and predicts the future
k
current values based on (20-21) for all voltage vector that VSI can generate. As the input control variable vdq

depends on the rotor speed as given in (18-19), the discrete state-space model of IPMSM becomes nonlinear.
From encoder, the rotor shaft speed is calculated and is given to MPCC block. From Table 1, the possibility
of input variable Vkdq can be obtained in terms of the inverter input voltage. Once the optimal output VV is
selected, the pulse order for insulated-gate bipolar transistor (IGBT) switches of VSI is generated. Time frame
for different task is depicted in Figure 4 which describes that the inverter switching states that are applied at
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(a) PI and Hysteresis current control

(b) Model predictive current control

Figure 5. Simulink models to compare the speed control performance of IPMSM with respect to different current control
methods.

K + 1 interval are obtained in K time period. Because of the motor, nonlinear model and the evaluation of cost
function the predictive model consume a lot of time to attain optimal voltage vector that need to determine
inverter switching sequence. The advantage of selecting the small sample time helps to reduce torque ripples
and current harmonic distortion that tends to increase the eﬀiciency of the drive. The simulation model of
the proposed design is demonstrated in Figure 5b. The performance of the IPMSM drive is improved with the
proposed design and is discussed in the next section.
3.2.1. Stability analysis
For stability analysis of the proposed system, let a positive real function, V k , as
V k ≡ |ekd |2 + |ekq |2 ,

(23)

∗k
k
k
k
where ekd = i∗k
d − id and eq = iq − iq . With a suﬀiciently large sampling frequency in the steady-state,

the current reference can be fixed, i.e., i∗k+1
= i∗k
d . So d -axis current error at (k + 1) -th sampling instant is
d
calculated from (20) as
k+1
ek+1
= i∗k
= ekd +
d − id
d


Ts
rs ikd − ωrk Lq ikq − vdk .
L
|d
{z
}
uk
d

Then, it is obvious from Minkowski’s inequality that
|ek+1
|2 = |ekd + ukd |2 ≤ |ekd |2 + |ukd |2 ,
d
for all ukd values. By substituting ukd to (18), we get ukd = ikd − ik+1
. And the volt-second balance
d
condition at the stator inductance, Ld , during the steady-state implies that ikd − ik+1
= 0. Therefore, the
d
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following inequality holds:
|ek+1
|2 − |ekd |2 ≤ 0.
d

(24)

Monotonic decrease of |ekd |2 is achieved with this negative squared error difference.
On the other hand, the q -axis current error, ek+1
, is calculated from (21) with a fixed current reference
q
as
k+1
ek+1
= i∗k
= ekq +
q
q − iq


Ts
rs ikq + ωrk Ld ikd + ωrk λm − vqk .
Lq
{z
}
|
uk
q

In the same way as above, it can be easily proven that
|ek+1
|2 − |ekq |2 ≤ 0.
q

(25)

So |ekq |2 is also monotonically decreasing. As a result, (23), which is the same form as the proposed
cost function, is monotonically decreasing over time and thus, the proposed system is asymptotically stable.
Stability of the proposed system is also examined through the simulation studies.
4. Results and discussion
The simulation models of the control schemes are depicted in Figure 5. In the conventional model, the PI and
hysteresis control schemes are simulated as shown in Figure 5a; whereas, in Figure 5b, the proposed MPC is
modelled. The system parameters are given in Table 2. The simulation results for the proposed and conventional
schemes are presented to evaluate the control behaviour at different reference speed under varied load conditions.
Figure 6 shows the rotor shaft speed tracking the reference speed under the load condition. The reference speed
is 500 rpm under the load torque of 3 Nm,increasing to 800 rpm at 0.5 s. The load torque increases from 3 Nm
to 7 Nm at 0.7 s. The steady-state error and speed tracking performance of motor drive operated by MPCC
is outstanding as compared to conventional control schemes.
Table 2. Control parameters of utilized IPMSM.

Parameters
Sample time period (µs)
DC voltage (V)
Stator resistance (Ω)
Poles pairs (P)
d-axis inductance (mH)
q-axis inductance (mH)
Moment of inertia (kg.m2 )
Flux (mW b)
Damping coeﬀicient

Value
1
600
2.5
3
15.025
30.175
0.00365
0.5283
0.0011

Similarly the motor phase current and the harmonic order is shown in Figure 7 and Figure 8. The
proposed design shows a good response in reducing ripples and harmonic distortion at a wide speed operation
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Figure 6. Simulation test results of reference and actual rotor shaft speed for various operation range under different
control schemes.

range. MTPA control technique is employed to maximize the torque utilization with minimum current value;
the dq-axis currents are depicted in Figure 9 and Figure 10. By comparing both results, it can be observed
that the conventional control scheme has considerable high current ripple during both steady-state and dynamic
state. Figure 11 demonstrates the torque response of the motor drive. The ripples across the torque are reduced
with fast convergence rate. The result shows that the proposed control model is robust, and it shows excellent
dynamic performance. The testing is also done under the varying step load and is depicted in Figure 12 and
Figure 13. Initially no load is applied, then 0.4 s the 5 Nm load torque is applied, and the drive response is
examined; the load torque gradually increased to 20 Nm at 1.1 s, and the drive response is shown.

Figure 7. Three-phase measured current for operation of IPMSM drive based on conventional and proposed current
control: pi current control, hysteresis current control, and model predictive current control.

At 1.4 s the load torque is reduced to 10 Nm and the tracking performance is observed. At last,
5 Nm load is applied at 1.75 s. The result shows that the speed and torque convergence rate to the reference
value is fast and excellent in proposed design as compared to conventional control method. The motor phase
current response of the proposed model is significant with designed MPCC. Figure 14 shows more specific
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Figure 8. Total harmonic distortion for the measured current of IPMSM drive based on linear and nonlinear control
scheme.

(a) Simulated response based on PI and Hysteresis Current Control

(b) Simulated response based on Model predictice Current Control

Figure 9. Stator d-axis current reference and its response.

(a) Simulated response based on PI and Hysteresis Current Control

(b) Simulated response based on Model predictice Current Control

Figure 10. Stator q-axis current reference and its response.

information regarding speed response,torque ripple, and maximum drive phase current. Table 3 is constructed
utilizing the variable load at dynamic and steady state to summarize the analysis of proposed and conventional
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(a) Simulated response based on PI and Hysteresis Current Control

(b) Simulated response based on Model predictice Current Control

Figure 11. Electromagnetic torque response for speed reference steps.

Figure 12. Rotor speed, electromagnetic torque and stator current response under variable load conditions, and reverse
speed using conventional control scheme.

Figure 13. Rotor speed, electromagnetic torque and stator current response under variable load conditions, and reverse
speed using proposed control scheme.

control schemes. To evaluate the stability performance of proposed design, the most common method is utilized
by running multiple simulation tests under parameter variation to check how VSI respond based on model
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parameter variations. Figure 15 shows the stability performance of the designed MPCC. The convergence rate
for the speed, torque, and phase current is fast verifying that the proposed control design is effective for wide
speed range of IPMSM.
Table 3. Comparative system performance analysis by employing linear and nonlinear control scheme.

Parameters
Speed tracking
Speed Steady-state Error
Speed response time(ωrmax /ωrmin )
Torque Response
Torque Ripple
Switching Frequency
Current Harmonics
Control Eﬀiciency

PI
Average
Moderate
27ms/38ms
Slow
Higher
Fixed
Higher
Average

HC
Good
Minimum
20ms/27ms
Medium
Moderate
Variable
Moderate
Good

MPCC
Excellent
Minimum
15ms/22ms
Fast
Lower
Variable
Lower
Excellent

PI 9.25
HC

8.5

(a) Conventional control scheme

8.12
MPCC
(b) Proposed control scheme

Figure 14. Motor response at negative shaft speed and maximum load torque (zoomed).
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(a) Speed overshoot and tracking performance under parameter variation

(b) Current tracking error under parameter variation

Figure 15. Stability performance of proposed non-cascaded control scheme under variation in the stator inductance of
IPMSM drive.

5. Conclusion

The paper presents an eﬀicient speed control technique for excellent dynamic performance of IPMSM drive. The
proposed design eliminates the modulation block and utilized minimum current constrain to achieve maximum
torque in contrast to conventional control schemes. The MPCC algorithm is employed for logical firing of
power electronic switches. With optimize control algorithm , the speed response of motor drive becomes fast
and robust under the varying load conditions. The steady-state error across the output of the motor drive is
reduced tremendously with the quick dynamic response. With designed MPCC, the overall response of the
IPMSM drive is enhanced. The validity of the control model is confirmed by Matlab/Simulink (MathWorks,
Inc.) work-space 2019b. The result verifies the robustness and effectiveness of designed MPCC. Compared with
the traditional control schemes, the current harmonics and torque ripple across the proposed design is minimal
with excellent drive performance. This control scheme will be effective for the study of sensorless speed control
of IPMSM drive.
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